TUDIES involving gait change and orthopedic intervention after SDR have been conducted in patients with different types of cerebral palsy. 1, 8, 14, 15, 21, 24, 26 It has been reported that improvement in gait status 2 years after rhizotomy is minimal and that the need for orthopedic intervention remains likely (in 65% of cases) and should be undertaken at this stage to enhance ambulatory function. 4, 26 Some investigators have indicated that there is marked improvement in motor outcome 1 year after SDR and that improvement is maintained 5 years after the procedure. 9 In a 5-year follow-up study involving 51 children with spastic diplegia or quadriplegia, the authors reported reduced spasticity in all and improvement in motor function in most cases.
TUDIES involving gait change and orthopedic intervention after SDR have been conducted in patients with different types of cerebral palsy. 1, 8, 14, 15, 21, 24, 26 It has been reported that improvement in gait status 2 years after rhizotomy is minimal and that the need for orthopedic intervention remains likely (in 65% of cases) and should be undertaken at this stage to enhance ambulatory function. 4, 26 Some investigators have indicated that there is marked improvement in motor outcome 1 year after SDR and that improvement is maintained 5 years after the procedure. 9 In a 5-year follow-up study involving 51 children with spastic diplegia or quadriplegia, the authors reported reduced spasticity in all and improvement in motor function in most cases. 1 These results were confirmed by another group in another 5-year follow-up study. 15 Additional larger and more extended outcome studies involving post-SDR gait and orthopedic interventions have been recommended. 12, 14, 23 Spastic quadriplegia has been shown to be associated with a poor prognosis in terms of walking. 2, 5, 16, 27 We previously showed that spastic diplegia and a high pre-SDR gait score were the strongest predictors of post-SDR ability to walk. 6 In patients who undergo SDR at an early age orthopedic surgery is less frequently required than in those who undergo SDR at a later stage. 5 In children with spastic cerebral palsy the relationship between the ambulatory status and the frequency of need for orthopedic surgery before and after SDR has not been studied in defined age groups. Thus, we attempted to analyze this relationship in a group of children with spastic quadriplegia. We examined the effects of SDR on preoperative ambulatory status, the relationship between the frequency of preoperative orthopedic surgery and pre-SDR gait status, effect of age at SDR on these relations, post-SDR ambulatory status after a prolonged follow-up period (5-9 years), and the relationship between ambulatory status and post-SDR orthopedic intervention. We also attempted to determine the optimal age at which SDR should be performed to produce the best postoperative ambulatory status and require the fewest orthopedic operations. We were interested in determining whether any orthopedic operation was most common and whether there was a correlation between particular uni-or bilateral procedures and gait status and age.
Clinical Material and Methods

Patient Population
A total of 77 patients with spastic quadriplegia who underwent SDR between 1990 and 1994 were included in a prospective study at St. Louis Children's Hospital. Patients ranged in age at SDR from 2 to 14 years. Before SDR, medical and physical therapy staff in the cerebral palsy clinic assessed all children with regard to gait score and ambulatory status. These were primarily children with severe spastic quadriplegia who were either nonambulatory or required assistance.
Gait Score and Orthopedic Operations
A previously described gait scoring scale was modified to include two additional domains: "crawling with reciprocating arms and legs" and "some method of independent ambulation" ( Table 1) . 5 Before SDR, patients were assigned to a specific gait score group. The number and types of orthopedic operation performed before SDR were documented. All decisions regarding orthopedic intervention were made by local orthopedic surgeons. The procedures included hamstring, heel cord, adductor, and iliopsoas muscle release; derotational femoral osteotomy; foot and ankle stabilization; muscle transfer; and miscellaneous other operations. Whether the procedure was uni-or bilateral was documented. Patients were grouped according to age: Group 1 (age 2-5 years) and Group 2 (age 6-14 years).
Surgical Procedure
The technical details of SDR have been described previously. 18, 19 Briefly, after induction of general anesthesia, needle electrodes were placed bilaterally in six major lowerextremity muscles in preparation for electromyographic examination. The lamina medial to the L-1 facet joint was removed, and ultrasonography was conducted to determine the location of the conus medullaris in relation to the laminectomy. Depending on this location, laminectomy was extended to L-2. The dorsal roots caudal to the conus medullaris were identified from L-2 to S-1. Each dorsal root was subdivided into four to seven rootlets, and the rootlets were suspended over rhizotomy probes. Electrical stimulation was used to grade a reflex response in the lowerextremity muscles. Rootlets exhibiting sustained discharges from contralateral muscles with or without sustained discharges from the ipsilateral muscles were cut. 18 Half of the L-1 dorsal nerve root was also cut. The procedure was repeated on the contralateral side. In general, approximately 60 to 70% of rootlets were incised. A 0.5-g/kg bolus of fentanyl was given intrathecally immediately before dural closure. Fentanyl was administered intravenously for 2 days postoperatively. Patients were monitored in the pediatric intensive care unit for the initial 24 hours of this period.
Follow-Up Evaluation
At 5 to 9 years after SDR (mean 7.5 years), gait status and need for orthopedic intervention were determined by a questionnaire mailed to the parents or next of kin. Decisions to undertake orthopedic intervention were made, as in the pre-SDR period, by local orthopedic surgeons without neurosurgical bias. The questionnaire required information on the timing and nature of orthopedic operation, if any, whether the procedure was uni-or bilateral, and total number of surgeries since SDR. Parents were asked to classify their child's ambulatory status according to gait score. They were also asked whether they felt rhizotomy had benefited their child. Another series of questions involved the child's general physical well-being. Any concerns or questions raised by the parents were addressed.
Data Analyzed
A gait score of 0 to 9 indicated that the patient required a walker for ambulatory assistance, and a score of 9 or 10 indicated an independence from this form of assistance. Analysis of the data was divided into the following five parts: 1) the number of patients who underwent orthopedic operations before SDR for each age group; 2) the number of patients who underwent no orthopedic operations before SDR for each age group, as well as the intragroup percentage; 3) the pre-and post-SDR gait status in both age groups, classified according to improved, deteriorated, or unchanged score; 4) the number and type of orthopedic procedures performed before and after SDR as a function of gait status; and 5) the overall parent-determined benefit of the SDR.
Statistical Analysis
We conducted multiway frequency analysis by using exact Pearson chi-square tests of interactions (significance level ␣ = 0.05). Marginally insignificant results (0.05 Ͻ p Ͻ 0.1) were recorded. Because some cell counts were five or fewer, exact Pearson chi-square tests were used rather than simple or asymptotic chi-square tests. Because the data were observation based, causal inferences derived from experimental data were not possible. Percentages quad canes used all 10 independent protected 11 independent all * Gait Scores 10 and 11 indicate independence from a walker, whereas Scores 0 to 9 indicate that ambulatory assistance is required. A "protected" environment is one such as the physical therapy department or home. "All" environments refers to normal surroundings such as those at home or school.
derived from each comparison are used to facilitate interpretation, but counts were used in the analyses. The interactions tested included number of pre-and post-SDR orthopedic procedures according to gait status at SDR, number of post-SDR orthopedic operations according to gait status at follow-up evaluation, and age at SDR. The tests also were used to determine whether there were significant changes in gait status after SDR and significant improvements in gait score.
Results
Overall, data were obtained in 52 of the 77 patients. There were 36 2-to 5-year-old patients (Group 1) and 16 6-to 14-year-old patients (Group 2). The mean follow-up period was 7.5 years. At SDR only one 12-year-old girl was an independent walker, and her case was excluded from analysis. The analysis focused on the 51 patients in both age groups who required walkers for ambulatory assistance.
Age Before SDR and Orthopedic Intervention
Eleven percent of Group 1 and 38% of Group 2 patients had undergone orthopedic procedures before SDR (not significantly different [p = 0.161]) ( Table 2) .
Orthopedic Surgery and SDR
We examined the incidence of patients needing orthopedic operations post-SDR who had not required such surgery prior to SDR. The incidence was higher in olderage children (Group 2) than in younger ones (Group 1) (70 and 34%, respectively) ( Table 3 ). The differences were marginally insignificant (p = 0.063).
Gait Status
The percentage of Group 1 patients not walking before SDR decreased from 71 to 34% during the follow-up period. This improvement in post-SDR gait status was also demonstrated in patients who ambulated using a walker and crutch or cane (29-60% and 0-6%, respectively) (Table 4). The interaction between pre-or post-SDR time frame and walking mode was statistically significant (p = 0.004). Gait status did not improve in patients who underwent SDR at 6 to 14 years of age (Group 2 children). The percentage of patients in each group was identical at follow-up evaluation.
When the entire gait scale (see Table 1 ) was used to determine follow-up changes in gait status, we found that 49% of Group 1 patients and 25% of Group 2 patients had improved gait scores (Table 5 ). Gait scores deteriorated in 31% of Group 1 patients and in 50% in Group 2 patients; however, the intergroup differences were not significant (p = 0.285). Table 6 provides a summary of results for both groups. All orthopedic operations before SDR were soft-tissue procedures involving the adductors, hamstrings, and heel cords. No Group 1 patient underwent hamstring release before SDR. Orthopedic interventions after SDR were more diverse in Group 1 patients and included derotational osteotomy for hip subluxation or femoral torsion. In Group 2 patients, the most common procedure after SDR was hamstring release. No patient underwent any form of spinal surgery.
Types of Orthopedic Operation
Bilateral operations were more common in the period after SDR, and derotational osteotomy was performed only after SDR in Group 1 patients who ambulated using a walker. The increase in bilateral procedures after SDR was significant for Group 2 patients (p = 0.0037) and for both age groups combined (p = 0.0040). There was a marginally insignificant increase in procedures in Group 1 patients (p = 0.0549).
Parental Views on Benefit of Operation
Five to 9 years after SDR the parents of 27 (75%) of the 35 Group 1 patients and of 14 (88%) of the 16 Group 2 patients reported that their children had benefited from SDR.
Surgery-Related Complications
There was no morbidity or death in this series. In particular, there were no cases of cerebrospinal fluid leak, wound infection, meningitis, lower-limb weakness, scoliosis, or urinary retention after SDR.
Discussion
Effects of SDR
Selective dorsal rhizotomy has been shown to decrease lower-limb spasticity and increase lower-limb range of motion and functional muscle strength. 13, 15, 22 Compared with an intense program of physical therapy alone, SDR combined with postoperative physical therapy is associated with a better outcome when spasticity and function are considered. 13 Dorsal rhizotomy reduces peripheral sensory input to the spinal cord. Release of supraspinal inhibition and increased gamma or fusimotor drive have been thought to be the cause of spasticity; 28 however, the role of gamma drive as a source of spasticity has been challenged. 11, 28 It has been postulated that some peripheral reflex circuits are
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Dorsal rhizotomy for spastic quadriplegic cerebral palsy 61 abnormal in cerebral palsy-related spasticity and that the abnormal circuits can be identified by electrical stimulation of the nerve roots. 20 A procedure that interrupts only the abnormal circuits can protect the normal circuits and preserve valuable sensory feedback from the limb. Spontaneous resolution of cerebral palsy has not been described. 17 Spasticity causes muscle contractures that worsen as the child grows and produce various bone and joint abnormalities in the extremities. 3, 10 The authors of one review showed with moderate certainty that the incidence of orthopedic surgery after SDR was approximately 65%. 22 
Orthopedic Surgery Relative to Cerebral Palsy and Ambulatory Status
This study was an extension of previous work in which we correlated the incidence of orthopedic surgery required before and after SDR with ambulatory function in defined cerebral palsy groups. 6 Other investigators have reported on the number and type of orthopedic procedures after SDR as well as overall incidence of orthopedic intervention but have provided no analysis regarding the percentage of patients in each ambulatory group who had undergone orthopedic surgery. 1, 14, 15, 21 Mittal, et al., 14 described three groups (diplegic, triplegic, and quadriplegic) of children with spastic cerebral palsy (71 cases) evaluated 5 years after SDR. Overall orthopedic operations were performed in 18.3% after SDR, and 35% of these children received post-SDR intramuscular botulinum toxin injections. The need for these injections was markedly absent in our series. A mean of 46 months after SDR, Carroll, et al., 4 found that orthopedic operations were conducted in 65% of their pediatric patients with mixed forms of cerebral palsy.
In a recent analysis of children with spastic diplegia undergoing SDR, we found that, at 7.5-year follow-up evaluation, 26% of patients with diplegia who were not dependent on walkers and who had undergone SDR when 2 to 5 years of age required orthopedic intervention during the follow-up period, whereas 67% of those with diplegia who required walkers and who had undergone SDR when 11 to 14 years of age needed orthopedic surgery (unpublished data). These findings differed from those in another report in which the frequency of post-SDR orthopedic surgery was 65%. 4 Our findings indicated that the frequency of orthopedic surgery after SDR depends on type of cerebral palsy, ambulatory status at follow-up evaluation, and age at operation.
Study Goals
One of our main goals was to evaluate ambulatory status before and after SDR in relation to need for orthopedic surgery. In a study involving a smaller patient population, we undertook a series of gait, strength, and spasticity tests and analyses; 7 however, these evaluations are difficult to perform in general because they are not retrospective analytical techniques but require several hours of testing and specialized gait equipment. Additionally, the tests must be performed before surgery and 8 to 12 months postoperatively. To do so in such a large cohort of patients involving a wide referral base would require substantial financial investment. In contrast, our scale for determining gait status is easy to describe, and the information received from parents was reliable. No objective outcome scale can qualitatively match or replace observation by dedicated parents in terms of functional capabilities throughout life. These parents become deeply involved in their children's medical care, are aware of various treatment strategies, and work readily with physical therapists, orthopedists, nurses, and neurosurgeons to improve their children's functional capabilities. 
Optimal Age for SDR
Most quadriplegic patients undergoing SDR in our unit are 2 to 5 years of age. The results obtained in this study appear to support our method, because patients in this age group underwent the fewest post-SDR orthopedic procedures and exhibited the greatest improvement in ambulatory function. The incidence of pre-SDR orthopedic operations in the Group 2 patients (age 6-14 years) was 38%, whereas in the Group 1 patients it was only 11% (marginally insignificant difference). These findings indicate that delaying SDR to an older age may result in greater need for interim orthopedic intervention. In Group 1 patients not walking before SDR, the incidence of nonambulation decreased significantly from 71 to 34% at follow-up evaluation with concomitant increases in walker and crutch or cane use (29-60% and 0-6%, respectively).
Value of Specialization
Some authors have reported that transient urinary retention lasting up to 14 days occurred at a rate of 4.3% after SDR. 14 We found only one case involving a postoperative cerebrospinal fluid leak in more than 1000 patients in whom SDR was performed. Our experience has shown the safety of SDR and the value of specialization in modern neurosurgical practice for achieving optimal results.
Conclusions
A significant number of children with spastic quadriplegia undergoing SDR will need orthopedic surgery as they grow. Early SDR, when the patient is age 2 to 5 years, may reduce the requirement for post-SDR orthopedic operations. Children who undergo SDR at 2 to 5 years of age can experience improved gait status, which does not occur in those who undergo SDR at 6 to 14 years of age. Most parents find SDR beneficial to their children with spastic quadriplegia.
